th birthday.
Monoterpenes are "natural products" with significant biological activities, such as antibacterial and antifungal.
The compounds, synthesized predominantly by plants, play important roles in chemoecology and plant defense [1] . They can be obtained by either steam distillation of plant material or by biotransformation of already isolated monoterpenes. As monoterpenes are often used as fragrances and food flavourants, these methods are in great demand as they avoid the use of harsh reaction conditions and organic solvents.
For biotransformation of monoterpenes, various organisms have been used, for example yeasts [2, 3] , algae [4] , fungi [5, 6] , bacteria [7, 8] , plants [9, 10] and even mammals [11, 12] . Until now, the work has dealt with biotransformation of single monoterpenes and not considered a mixture as a possible starting material. Therefore, this study focused on biotransformation by Picea abies and Taxus baccata suspension cultures of a monoterpenic mixture, turpentine, identification of the products produced by both cultures, and comparison of the data with the previously reported results of biotransformation by P. abies suspension culture of the individual monoterpenes, α-pinene and β-pinene [13, 14] . The cultures were selected with respect to their nature. P. abies represents conifer species that commonly produce monoterpenes themselves, and T. baccata represents conifer species which do not produce monoterpenes. The main objective of this research is utilization of plant cells as a biocatalyst for production of natural products under controlled conditions. This approach is, according to both our opinion and literature data, very important as an example of "green chemistry", which is based on utilization of environmentally harmless technologies. For the same reasons, a natural monoterpene mixture (turpentine) was used as the starting material, as a possible utilization of a waste product.
As a starting mixture we chose turpentine, because it is recovered in large amounts as a steam distillate from conifer wood processing, but its utilization is low. Thus, to increase its commercial value would be of special interest. Preliminary studies of biotransformation of turpentine, mentioned in one of our publications [13] , showed that it leads to a rather complicated mixture of products. However, biotransformation of particular monoterpenes (α-pinene, β-pinene and limonene) by P. abies suspension culture made the task much simpler, as the obtained results helped us to identify the products of turpentine biotransformation.
The constituents of turpentine:
The composition of turpentine was determined by GC-MS analysis (Table 1) . These data were used as the starting composition (in %) for Tables 2-4. Autooxidation: It is known that autooxidation of monoterpenes in nutrient media occurs [15] . However, according to our previous studies, only a small amount of products is formed [13, 14] . We applied turpentine to the nutrient medium (P. abies as well as T. baccata maintenance medium) under sterile conditions and kept it on a rotary shaker for three days. We compared the relative percentage abundance of products formed with the results obtained when turpentine was applied to the suspension cultures of P. abies and T. baccata cells, respectively, for the same time, under the same conditions. The results showed that the relative abundance of products formed by biotransformation is up to 20 times higher (for a particular product) than that formed by autooxidation. The results also showed that the ratio of products differed with nutrient medium and suspension culture. Even the products formed by autooxidation differed to some extent to those formed by suspension culture. The autooxidation products were trans-pinocarveol, trans-verbenol, pinocarvone, myrtenol, myrtenal and verbenone. The same results were obtained for both maintenance media. The relative abundance of the autooxidation products, along with the main turpentine constituents for P. abies medium is shown in Table 2 , together with their relative abundance in P. abies suspension culture after the same time (three days). These results are in agreement with the results obtained in our previous studies [13, 14] . 
Biotransformation of turpentine by P. abies:
Turpentine was applied to a suspension culture of P. abies. The major transformation products were trans-pinocarveol, trans-verbenol, verbenone, myrtenol and trans-sobrerol. The minor products were isopinocamphone, α-phellandren-8-ol, β-phellandren-8-ol, trans-carveol, 4-terpineol, p-cymen-8-ol, m-cymen-8-ol and 2-methylbornanol. The relative percentage abundance of the products during biotransformation can be seen in Table 3 .
Biotransformation of turpentine by T. baccata:
When turpentine was applied to a suspension culture of T. baccata, the major products were transpinocarveol, trans-verbenol, verbenone, myrtenol, α-terpineol and trans-sobrerol, and the minor products were isopinocamphone, cis-pinocarveol, cis-myrtanol and 1,2-limonendiol. The relative percentage abundance of the products during biotransformation can be seen in Table 4 .
The major products were defined as substances with relative abundance higher than 10% and they were products of α-pinene and β-pinene. The structures of the major products are shown in Figure 1 . All these were products of allylic oxidation of substrate constituents. The absolute configurations of products were not evaluated as they were known from previous studies [13, 14] . From these studies, it is also known that trans-verbenol, verbenone and trans-sobrerol are formed from α-pinene, whereas trans-pinocarveol and myrtenol are mainly formed from β-pinene, but α-pinene also contributes to their content. The relative abundance of minor products was usually lower than 5%. The minor products were also products of allylic oxidation and, to a lesser extent, of ring opening, isomerisation, hydrogenation and dehydrogenation. Regiospecific allylic oxidations of parent olefins and their isomerisation are common themes in the biogenesis of many essential oils and occur due to the activity of cytochrome P450 enzymes [16] . The minor components were also products of biotransformation of α-pinene and β-pinene, as well as of limonene, m-cymene and β-phellandrene. Isopinocamphone, pinocarvone and 2-methylbornanol are formed from pinenes, but trans-carveol and probably also p-cymen-8-ol and α-phellandren-8-ol are formed from limonene. β-Phellandren-8-ol and m-cymen-8-ol are products of pinenes, along with their primary substrates, β-phellandrene and m-cymene, respectively.
The direct transformation products of myrcene, tricyclene and camphene were not detected. However, some of the products recorded might have resulted from these compounds due to common isomerisations. However, the direct products can be identified only when the biotransformation of a particular monoterpene has been studied.
The relative abundance of products altered with time.
The most evident biotransformation feature observed in both suspension cultures was the transformation of the rapidly formed trans-verbenol to verbenone during the incubation period (Figures 2 and 3 ). Another common feature was a very rapid decrease of substrate concentration in the medium. The concentration of all substrate constituents was close to zero after only 3 days of biotransformation. Such a rapid decrease suggests that the substrate constituents diffuse easily from the medium into the cells and therefore their transformation occurs inside the cells.
Biotransformation of turpentine by T. baccata suspension culture gave the same major products as the biotransformation by P. abies suspension culture. The only difference was the formation of α-terpineol, which was detected only in the T. baccata culture. It is interesting that α-terpineol was produced by P. abies suspension culture when individual monoterpenes (α-pinene and β-pinene) were used as the substrates. The minor products formed during turpentine biotransformation differed between the suspension cultures. That of T. baccata produced only a few minor products, predominantly cis-myrtanol and 1,2-limonenediol, whereas these were not produced by the P. abies suspension culture. However, these products were formed during biotransformation of myrtenol and limonene, respectively, when the individual monoterpenes were used [10, 14] .
As biotransformation of the monoterpene mixture gave almost the same major products for both studied suspension cultures with similar relative percentage abundance, it seems that these plant species use either the same or very similar enzymes to transform the substrate. Therefore, the enzymes transforming monoterpenes would probably not be specific for individual conifer species, but would be rather general for all conifers. When the biotransformation products were compared with the previously reported products of biotransformation of individual monoterpenes (α-pinene and β-pinene) by P. abies suspension culture, the same results were obtained. For this reason, it seems advantageous to use a monoterpene mixture as a starting material and thus avoid the isolation of individual monoterpenes from the essential oil by steam distillation of plant material. In this way, the utilization of turpentine may be extended and used as a source of monoterpenes for their biotransformation.
The major products of biotransformation of turpentine, such as trans-verbenol and verbenone, are often used in the monitoring and mass trapping of bark beetles. For instance, verbenone significantly deterred the mountain pine beetle, Dendroctonus ponderosae, from attacking lodgepole and whitebark pines [17] . In traps for D. ponderosae, trans-verbenol is also used, together with exo-brevicomin, because trans-verbenol is an aggregation pheromone of this beetle species [18] . On the contrary, trans-verbenol acts as an antiaggregation pheromone for D. pseudotsugae [19] . Many oxygenated monoterpenes have antibacterial and antifungal activity. A slight inhibition of various pathogenic organisms was observed for the essential oils of Anthemis species, the major components of which are α-pinene and 4-terpineol [20] . Verbenone and α-terpineol are trace components of Pistacia lentiscus essential oil that contribute highly to its antimicrobial activity [21] . Camphor and 1,8-cineol are the major components of Achillea species essential oil, which exhibited strong activity against many microorganisms [22] . Significant K + leakage from E. coli cells was caused by myrtenol, α-terpineol and 4-terpineol. This membrane permeabilizing effect causes their antimicrobial activity [23] . trans-Pinocarveol and pinocarvone are the main components of Myrothamnus flabellifolius essential oil, which exhibits strong fungicidal activity against Candida albicans and bacteriostatic activity against Staphylococcus aureus [24] . The above mentioned examples illustrate a wide use of monoterpenes. Thus optimization of their production by utilization of an abundant and relatively cheap source, turpentine, may be of significant importance. 
Experimental

Cultivation of in vitro cultures:
Embryogenic culture of each plant was induced from immature zygotic embryos and maintained on sterile medium, solidified with 0.75% (w/v) agar. The pH was adjusted to 5.8 ± 0.05 before autoclaving. The suspension culture was initiated from the embryogenic culture. The same supplemented maintenance medium (excluding agar) was used as the nutrient medium. The suspension cultures were kept on rotary shakers at 100 rpm in 250 mL Erlenmeyer flasks, sealed with aluminium foil, at 24ºC in darkness. P. abies maintenance medium, prepared according to Gupta and Durzan [25] , was supplemented with 5 μM 2,4-D, 2 μM kinetin, 2 μM BAP and 30 g L -1 sucrose. The cultures were subcultivated every 7 days. T. baccata maintenance medium, prepared according to Lloyd and McCown [26] , was supplemented with 15 μM 2,4-D, 2 μM kinetin, 2 μM BAP and 30 g L -1 sucrose. The cultures were subcultured every 4 weeks.
Autooxidation:
Turpentine was used as a substrate for autooxidation experiments, which were performed in triplicate. Turpentine (50 μL) was added to 100 mL nutrient medium (P. abies maintenance medium and T. baccata maintenance medium, respectively) in 250 mL Erlenmeyer flasks and kept on a rotary shaker at 24ºC in darkness for 3 days. After incubation, the medium was applied to a Sep-Pak C-18 cartridge (Waters, Milford). The sugar and salts originating from the nutrient medium were washed from the cartridge with 10 mL distilled water, whereupon the products were eluted with 2 mL TBME. The resulting samples were analyzed by GC-MS.
Biotransformation of turpentine:
Turpentine was used as a substrate for biotransformation experiments, which were performed in triplicate. Turpentine (50 μL for P. abies and 20 μL for T. baccata) was added to a 100 mL suspension culture in a 250 mL Erlenmeyer flask and kept on a rotary shaker at 24ºC in darkness for 3, 5, 7, 12 and 20 days. After incubation, the medium was filtered through a filter paper (No. 388, filtrate volume ca 50 mL) and the filtrate applied to a Sep-Pak C-18 cartridge (Waters, Milford). The sugar and salts originating from the nutrient medium were washed from the cartridge with 10 mL distilled water, whereupon the products were eluted with 2 mL of TBME. The resulting samples were analyzed by GC-MS.
GC-MS analysis:
The identification of the products was performed by gas chromatography -mass spectrometry (GC-MS). GC: Finnigan Focus GC, injection temperature 200ºC, split/splitless injector. MS: Fisons MD 800. MS source temperature was 200ºC. Helium (1mL/min) was used as carrier gas. Column: DB-5ms (30 m × 0.25 mm, film thickness 0.25 μm). Temperature program was 50(1)-40-80(15)-4-160(0)-20-320(6). The products from the biotransformations were identified by comparisons of their retention times and mass spectra with those of reference substances and by use of the MS libraries Wiley 275 and NIST. The relative quantitative yields of each product were determined as the GC-MS integration area of that product divided by the GC-MS integration area of all products.
